Glioblastomas are characterized by an aggressive local growth pattern, a marked degree of invasiveness and poor prognosis. Tumor invasiveness is facilitated by the increased activity of proteolytic enzymes which are involved in destruction of the extracellular matrix of the surrounding healthy brain tissue. Elevated levels of matrix metalloproteinases (MMPs) were found in glioblastoma (GBM) cell-lines, as well as in GBM biopsies as compared with low-grade astrocytoma (LGA) and normal brain samples, indicating a role in malignant progression. A careful review of the available literature revealed that both the expression and role of several of the 23 human MMP proteins is controversely discussed and for some there are no data available at all. We therefore screened a panel of 15 LGA and 15 GBM biopsy samples for those MMPs for which there is either no, very limited or even contradictory data available. Hence, this is the first complete compilation of the expression pattern of all 23 human MMPs in astrocytic tumors. This study will support a better understanding of the specific expression patterns and interaction of proteolytic enzymes in malignant human glioma and may provide additional starting points for targeted patient therapy. 
Abstract
Glioblastomas are characterized by an aggressive local growth pattern, a marked degree of invasiveness and poor prognosis. Tumor invasiveness is facilitated by the increased activity of proteolytic enzymes which are involved in destruction of the extracellular matrix of the surrounding healthy brain tissue. Elevated levels of matrix metalloproteinases (MMPs) were found in glioblastoma (GBM) cell-lines, as well as in GBM biopsies as compared with low-grade astrocytoma (LGA) and normal brain samples, indicating a role in malignant progression. A careful review of the available literature revealed that both the expression and role of several of the 23 human MMP proteins is controversely discussed and for some there are no data available at all. We therefore screened a panel of 15 LGA and 15 GBM biopsy samples for those MMPs for which there is either no, very limited or even contradictory data available. Hence, this is the first complete compilation of the expression pattern of all 23 human MMPs in astrocytic tumors. This study will support a better understanding of the specific expression patterns and interaction of proteolytic enzymes in malignant human glioma and may provide additional starting points for targeted patient therapy.
INTRODUCTION
Glioblastomas (GBM) are the most common malignant brain tumors in adults [1] . High grade glioblastoma (WHO grade Ⅳ) may develop from low grade astrocytoma (LGA) (WHO grade Ⅱ), anaplastic astrocytoma (WHO grade Ⅲ) or they may manifest de novo without low grade precursor lesions [1, 2] . Whereas the prognosis of patients with anaplastic astrocytomas or GBM remains poor, patients with LGA have a better prognosis [3] . Patients with anaplastic astrocytomas or GBM are on average older (median age at diagnosis is 40 years and 53 years, respectively), compared to those with LGA (mean age at diagnosis 35 years) [3] . Despite multidisciplinary treatment which includes surgery, temozolomide chemotherapy and γ-irradiation, the overall median survival time for patients with malignant glioblastoma is as low as 14.6 mo [4] and there are only a few reports of patients who have survived more than 5 years [5] . This limited prognosis of GBM patients is the result of an aggressive local growth pattern and the marked degree of invasiveness displayed by these tumors [6, 7] . Glioma cell invasion requires an intricate series of both, host and tumor related steps, involving tumor cell migration and tumor matrix disintegration. Disruption of the extracellular matrix (ECM) is a prerequisite for tumor cell invasion, because it delivers the tracks for the migrating cells [8] . A number of different proteolytic enzymes such as matrix metalloproteinases (MMP) are overexpressed during tumor development [9, 10] . Their role is to break down the structural barriers to migration and invasion by dissolving and destroying the matrix proteins of the surrounding normal brain tissue [11, 12] .
Interference with MMP-9 and one of its upstream regulators by RNA interference led to a reduction in tumor growth and invasion in a mouse model [13] . Understandably, reducing MMP activity has been probed as a new therapeutic measure to stop or at least delay tumor invasion and to ultimately prolong patient survival. However, the inhibition of MMPs with broad-band synthetic and natural inhibitors has, as yet, been of little clinical success due to the development of severe side effects during treatment [14, 15] . MMP-9, MMP-2 and its activator MMP-14 are involved in migration and invasion of human GBM cells [16] [17] [18] [19] and the first clinical trials using the MMP inhibitor, marimastat, in combination with chemotherapy have recently been performed in GBM patients [20, 21] . It stands to reason that a more specific inhibition of individual or combined MMPs may be effective in the treatment of gliomas and have fewer unwanted side-effects. In order to generate these future therapy concepts a thorough knowledge of MMPs expression patterns and their interaction is required. This review summarizes currently available data on the expression of MMPs in human glioblastomas. We also present our own data on those MMPs, not yet published in literature.
MATRIX METALLOPROTEINASES
Matrix metalloproteinases are a family of zinc-dependent endopeptidases. A total of 23 family members have been identified in humans so far. These are numbered in the sequence of their discovery [12] (Table 1) . MMPs mediate the degradation of protein components of the ECM and of basement membranes. Both are essential for the interaction of individual cells with their surrounding and for the development and function of multicellular organisms [11] . Thus, MMPs play a central role in a number of physiological processes, including embryonic growth and development, implantation, morphogenesis, bone remodelling, wound healing, angiogenesis, apoptosis, and nerve growth [24] , during which they are produced by e.g., trophoblasts, keratinocytes, (pre)osteoclastic cells and fibroblasts [25] . However, increased expression and activation of MMPs also contributes to a number of pathological processes such as rheumatoid arthritis, cardiovascular diseases or cancer progression [26] [27] [28] . To date, numerous substrates of MMPs have been identified by in vitro and in vivo studies, including collagens, non-collageneous glycoproteins and proteoglycans, which underline their participation in the degradation of ECM proteins. Other ECM components like tenascin, fibronectin and laminin, which often show tumor specific expression are also substrates [29] . So are precursor forms of many growth factors, including tumor growth factor-α (TGF-α). For a more complete overview of specific substrates of MMPs refer to Table 1 .
Originally, MMPs were classified according to their respective substrate specificity. However, because of a considerable overlap in substrate preference they are now divided into eight structural subgroups, five of which are secreted and three of which are transmembrane MMPs [12] ( Table 1 and Figure 1 ). Members of each group contain a group-specific prodomain, which is lost during enzyme activation. A zinc-interacting thiol group, and a catalytic domain with a highly conserved zinc-binding site are common to all MMPs, and only MMP-23 lacks an amino-terminal signalling peptide. Connected to the catalytic domain by a hinge linker, a hemopexin-like carboxy-terminal domain is found in all MMPs, except MMP-7, MMP-26 and MMP-23. MMP-2 and MMP-9 contain an additional gelatin-binding domain, which is inserted between the catalytic and the hemopexin domain. All membrane-type (MT)-MMPs have a transmembrane domain added to their C-terminus [30] and contain a furin-like cleavage site, which is important during enzyme activation (Table 1 and Figure 1 ). This latter site is also found in the furin-activated and secreted MMPs e.g., MMP-11 [31] .
Regulation of MMP activity
As MMPs are involved into the breakdown of the ECM in normal tissue, their secretion and activity has to be tightly controlled in order to prevent pathological tissue disruption. Complex regulatory mechanisms of their differential activity involve transcriptional regulation, activation of pro-enzymes and inhibition of active enzymes by specific endogenous inhibitors. Comprehensive reviews are available which specifically focus on this complex process [32] [33] [34] [35] [36] [37] [38] . We therefore, concentrate on presenting only a short overview.
Most MMPs are not constitutively expressed in the cell. Their transcription is induced by a variety of growth factors, such as epidermal growth factor (EGF), transforming growth factor-β (TGF-β), platelet-derived growth factor (PDGF) and various inflammatory cytokines including TNF-α and interleukin-1β (IL-1β) [39] . Physical stress, various chemical agents (e.g., phorbol esters), oncogene products, as well as cell-cell and cell- 
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Other MMPs Casein Table 1 The human matrix metalloproteinase family ECM interactions can also induce or repress the expression of MMPs [24] . MMPs are produced and secreted by cells as inactive zymogens, also referred to as pro-MMPs. These inactive enzymes contain a pro-peptide region with a cysteine-sulphydryl residue near the C-terminal end of the peptide (Figure 1 ). The zinc ion of the catalytic region, which is essential for MMP activity, is bound to this residue of the pro-peptide, thus blocking the active site. Activation of pro-enzymes begins with the disruption of the cysteine-zinc interaction (cysteine switch) and exposure of the catalytic site [32, 40] . Proteinases and non-proteolytic agents such as SH-reactive agents, mercurial compounds, reactive oxygen or denaturants are The amino acid sequences of MMP23A and MMP23B are almost identical, but are encoded by distinct genes [22, 23] . α 1-AC: α 1-antichymotrypsin; α 2-M: α 2-macroglobulin; α 1-PI: α 1-proteinase inhibitor; ND: No data available; TACE: TNF α converting enzyme; MMP: Matrix metalloproteinases.
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involved in the activation process [24] with the exception of MMP-11 [31] , MMP-14 [41, 42] , MMP-16 [43] and the mouse homologue of MMP-28 (the human MMP- 28 has not yet been investigated) [44] , which are activated prior to secretion by furin-like serine proteinases. Moreover, the activation of certain MMPs is dependent on the presence and activity of other MMPs [14] , such as activation of MMP-1 by MMP-10 [45] , or MMP-2 by MMP-14 [11, [46] [47] [48] , a fact that may be reflected in the close correlation of their expression patterns. It is also suggested that MMP-15 acts synergistically with MMP-14 in activation of pro-MMP-2 [49] . In addition, gelatin-zymography suggested that tumor related overexpression of MMP-24 contributes to generation of the gelatinolytic activity in conjunction with MMP-2 [50] and demonstrated the ability of MMP-25 to mediate the membrane activation of pro-MMP-2, thus suggesting that overexpression of this protease by tumor cells facilitates the progression of brain tumors in vivo [51] . The fully active enzyme is generated by proteolytic cleavage of the pro-peptide domain of the partially active intermediate enzyme [11] . Once active, MMPs are regulated by interactions with endogenous inhibitors including α2-macroglobulin, thrombospondin-2, tissue inhibitors of metalloproteinases (TIMPs) and RECK (reversion-inducing cysteine-rich protein with kazal motifs) [12] . Whereas α2-macroglobulins play an important role in the irreversible clearance of MMPs in tissue fluids by forming complexes with them, which are afterwards removed by scavenger receptor-mediated endocytosis [11] , the TIMP protein family leads to a locally restricted and reversible inhibition of MMPs. To date, these proteins are the best studied natural inhibitors of MMPs and comprise the four structurally related proteins, TIMP1 to TIMP4. TIMPs are secreted in a soluble form in most tissues and body fluids with the exception of TIMP3, which is closely associated with the ECM [52] . They specifically form noncovalent stoichiometric complexes with the zinc binding sites of active MMPs [53] . Individual TIMPs differ in their ability to modulate the various MMPs. For instance, TIMP1 only inhibits MMP-16 very weakly. TIMP2 and TIMP3 are effective inhibitors of the membrane-type MMPs, e.g., MMP-14, and TIMP3 inhibits MMP-9 with a higher affinity than the other TIMPs [11, 54] . TIMP4, in contrast, seems to be a strong inhibitor of all MMPs [55] . However, TIMPs are also involved in the activation of MMPs. Pro-MMP-2 is activated at the plasma membrane through a unique multistep pathway involving both, active and TIMP2-bound MMP-14 [46, 47] , as shown by measuring its gelatinolytic activity using in situ zymography [49, 51] . The hemopexin domain of pro-MMP-2 interacts with the C-terminal domain of TIMP2, whereas MMP-14 associates with the N-terminus of TIMP2 and is inhibited in this way. This complex allows an adjacent uninhibited MMP-14 to cleave the N-terminal prodomain of pro-MMP-2, thus generating the intermediate MMP-2, which is then completely activated by removal of the residual portion of the pro-peptide by another MMP-2 molecule [11, 48] . Consistently, only the latent form of MMP-2 is found in malignant glioma cells that lack MMP-14 protein [56] and MMP-2 is constitutively pro- duced at low levels during normal tissue maintenance and remodelling [46, 57] .
MMP EXPRESSION BY GLIOBLASTOMAS
Human glioblastoma cell-lines Human GBM cell-lines are commonly used for in vitro and in vivo studies of cell migration and invasion [58] [59] [60] [61] [62] . Although numerous studies have investigated the expression of selected MMPs in human GBM cell lines [10 ,13,51,56,63-77] , as summerized in Table 2 , the only comprehensive study of all 23 MMPs is an analysis of U251 glioma cells by quantitative real time PCR [71] . As it has already been reported that there are differences in the expression patterns of MMPs in different cell-lines, even when they originate from the same type of tissue [67] , it is not surprising that MMP expression varies in different glioma cell-lines. It is conspicuous that MMP-13, -17, -19 and -24 were expressed by all analyzed cell-lines, whereas MMP-20 and MMP-21 were not expressed by any of the GBM cells (Table 2 ). Controversial data on MMP expression have been reported for MMP-2 in U251, MMP-3 in U87, U373 and U138, MMP-7 in U87, U138 and T98G, MMP-8 in U251, MMP-9 in SNB-19, U251, U87, U373, A172 and T98G, MMP-11 in U251, U373 and T98G, MMP-12 in U251 and U138, MMP-14 and -15 in U87 and U373 and MMP-16, -26 and -27 in U251 cells (Table 2) . A number of different techniques have been used to detect protease expression patterns including semiquantitative RT-PCR [68, 73, 75] , quantitative real time-PCR [65, 71, 76] , gelatin zymography [13, 56, 63, 65, 66, [68] [69] [70] 73] , Northern-blotting [56, 64, 66, 69, 70] , Westernblotting [13, 56, 66, 69, 70, 73, 74] , 125 I Western-blotting after protein concentration [65] and RNase protection assay [72] . This list implies that the use of different methods may have led to dissimilar conclusions, due to disparate sensitivities and due to comparing mRNA expression with protein expression or protein activity. However, for expression of most MMPs in U251, U87 and U373 cells in most studies reach concordant results, as can be seen in Table  2 , suggesting that divergent data may also be caused by other factors. Fluctuations in MMP expression with the number of passages has been reported in some GBM cell-lines [77, 78] . It was suggested that these variations in MMP expression may be due to in vitro selection processes or karyotype evolution, where the transcription of either the enzyme and/or its inhibitor may be affected which ultimately leads to an imbalance in the MMP-regulatory network [78] . However, alterations in MMP expression may also depend on the cell environment. MMP-2, -9 and MMP-14 are differentially upregulated by increasing cellular density [79] . MMP-14 expression was enhanced if U87 cells were cultured as neurospheres instead of as monolayers [80] . MMP-12 expression in U251 cells increased during growth in a three-dimensional tenascin-C matrix compared to its expression in a two-dimensional matrix [81] . U87 cells displayed low MMP-7 expression in culture, which increased after the cells were implanted into the brain of RAG 2/γc immune-deficient mice [82] , suggesting that the astrocyte environment may also influence MMP expression. Astrocytes in culture produce significant amounts of pro-MMP-2, but no active MMP-2. Co-cultured U251 cells are then able to convert pro-MMP-2 into its active form [83] . [10, 16, 18, 84, 85] . In particular, for MMP-9 it has been shown that its production is dependent on a regulation by extracellular signal-regulated kinase (ERK), PKCα/NF-κB and jun amino-terminal kinase (JNK) signaling cascades [84] [85] [86] . Glioblastomas are highly hypoxic and hypoxia upregulates MMP-2 mRNA expression in U87, U251, U373 and LN18 glioblastoma cell-lines by activation of the HIF-1α transcription factor, thereby enhancing their invasive potential [87] . Migration and invasion of U87 and T98G GBM cells is also facilitated by NO, which can be found in high concentrations in glioblastoma tissue [88] . NO stimulates MMP-1 expression and activity [88] . EGF raises MMP-14 expression in U251 cells, but does not influence MMP-15, -16 or MMP-24 [74] . MMP-2 expression and secretion is induced by IL-6 in U87 cells [89] . However, IL-6 action seems to be cell-line specific, since U343 cells were not affected [89] . [59, 90, 91] . In U251 and in U373 cells, TNF-α stimulated the expression of MMP-9 and MMP-19 [77] . MMP-1 mRNA expression was significantly increased in U373 cells by TNF-α, whereas its expression in U251 cells remained unaffected. This may be due to the high basal level of MMP-1 expression displayed by U251 cells, where a further increase is not possible, or else it could also be a cellline specific effect [77] . Such an effect has been observed for MMP-1, -2, -3 and MMP-7 regulation by TNF-α and TGF-β1, which only caused a marked induction of expression in some GBM cell-lines, but not in others [64] . TNF-α enhances the invasivenes of T98G cells through an induction of MMP-3, but has no effect on MMP-1, -2 or MMP-9 [92] . However, in U251 cells TNF-α inhibits MMP-2 and decreases invasiveness into the extracellular matrix [93] . In A172 cells, TNF-α induces gene expression and protein secretion of MMP-9 [94] . TGF-β1 alone had no effect on MMP-9 production. However, when it was added together with TNF-α a significant dose-dependent inhibition of MMP-9 secretion was observed [94] . TGF-β1 displayed inconsistent effects on adhesion and invasiveness, depending on the cell-line examined. The invasive potential of U138 cells was markedly reduced, whereas U373 cell invasion remained unchanged [95] . TGF-β1 caused a significant induction of MMP-11 and MMP-24 expression in U373 cells, whereas there was no impact on MMP expression in U251 cells [77] . In U87 and LN229 cells, TGF-β upregulates MMP-2 [90, 91] . Thus, the transcriptional modulation of MMP genes in response to TNF-α or TGF-β is not consistent, but extremely cell-line specific [64] . Together these data indicate that there is a large variety in the MMP expression patterns between different cell-lines, and that these expression patterns can change with duration of cell culture and are highly dependent on specific cell culture conditions and cell-density. Cytokines show divergent effects depending on the cell-line.
In vivo
MMPs are regulated by the surrounding tissue and by growth-factors or cytokines and their downstream signalling pathways
The inflammatory cytokine TNF-α and the immunsuppressive cytokine TGF-β have been implicated in migration and invasion of glioma cells in vitro

MMPs expressed by human malignant gliomas
Elevated levels of several MMPs were not only found in cell-lines, but also in malignant glioma tissue samples from patients. Although MMP expression levels are highly variable from one tumor to another (Figure 2 ) [96, 97] , their increased expression suggests that they are closely related to malignant progression in vivo [10] . MMP-1 expression was increased in surgical specimens of GBM compared to LGA and normal brain (NB) [98, 99] . In contrast, other groups only found very low gene expression levels in glioma tumor samples [64, 100] . We re-analysed the expression of this gene and screened three NB samples, 15 LGA and 15 GBM by semiquantitative RT-PCR (Figure 2 ) [97] . This analysis confirmed the view of Nakagawa et al [98] , since there was a clear increase in MMP-1 mRNA expression in GBM compared to low grade tumors, whereas expression of this gene was not detected in NB tissue (Figure 2 ) [97] . This increased expression is probably due to a single nucleotide polymorphism in the MMP-1 promoter at position-1607, creating a functional binding site for members of the ETS family of transcription factors [99] . MMP-1 was expressed throughout the tumor section, particularly in the highly cellular areas of the GBM, as determined by immunohistochemistry [97] . There was no specific association with necrosis or the invasive zone. The signal mainly was found in the interstitial matrix, but tumor cells and macrophages also showed strong cytoplasmic staining [97] .
RT-PCR, Northern-blotting, Western-blotting and gelatin zymography analysis of surgical tumor samples showed that the gradual expression and activity of MMP-2 is closely related to the malignant progression of human glioblastomas in vivo [49, 56, 64, 69, 96, [100] [101] [102] [103] [104] [105] [106] [107] and may be associated with the invasive behavior of these tumors [108] . Komatsu et al [109] showed that MMP-2 mRNA expression was increased in 62% of glioma samples and protein expression in 38%, however, in contrast to earlier reports, they could not find any correlation between the expression of MMP-2 protein or mRNA and the morphology of the tumors. However, a very similar study analysing 17 LGA, 20 astrocytoma WHO grade Ⅲ and 12 GBM found a significant elevation of MMP-2 expression with the degree of malignancy of the glioma (53% LGA, 80% astrocytoma WHO grade Ⅲ and 100% GBM stained positive) [110] . In situ hybridization revealed MMP-2 transcripts to be present in normal neurones and glia, malignant glioma cells and blood vessels [102] . MMP-2 protein expression is restricted to the cytoplasm of tumor cells, as shown by immunohistochemistry [98, 100, 108, [110] [111] [112] , and the cytoplasm of glial cells around the tumor show strong expression [113] . Additional immunohistochemical analysis of tumor tissue determined intense staining of MMP-2 protein in highly cellular areas and in endothelial cells of tumor blood vessels with a radial spread into the surrounding perivasculature, which suggests an involve- ment in tissue remodelling during tumor invasion and neoangiogenesis [101] [102] [103] 110, 114, 115] . This view is supported by results from a mouse model [116] . GBM tumors derived from cells devoid of MMP-2 exhibited a marked increase in vascular density as well as enhanced vascular branching and sprouting, however, these tumor vessels did not undergo proper maturation and were thus only poorly perfused [116] . The increased but dysfunctional vasculature caused the tumor cells to become more prone to apoptosis, which led to prolonged survival of tumor bearing mice [116] . In humans, MMP-2 expression was correlated with an expression of hepatocyte growth factor (HGF), which has a stimulatory effect on the synthesis of MMP-2 [114] .
LGA and NB samples showed very weak or no MMP-2 staining [98, 100, 102] and low levels of HGF [114] . The expression pattern of MMP-7 is very similar to that of MMP-2, although Northern-blot and RT-PCR analysis identified a more diverse expression of its mRNA in native GBM tissues. There was no expression detected in NB, LGA and anaplastic astrocytoma. Therefore, this gene could be closely related to malignant progression of human glioblastomas [64, 100, 103] . Our data were in line with these findings, showing only a weak MMP-7 immunoreactivity in tumor specimens, around the cytoplasm of tumor cells, macrophages and endothelial cells of small capillaries. Immunostaining of NB samples was restricted to single blood vessel pericytes, supporting a possible role in tumor invasiveness [103] . However, when MMP-7 mRNA expression was analyzed in different primary brain tumors, it showed highly variable levels of expression that were not related to the invasive behavior [82] . Many studies have demonstrated an intimate association between MMP-9 and tumor invasiveness. Data obtained by RT-PCR, Northern-blot, Western-blot and immunohistochemical analyses for MMP-9 were negative in NB tissue, showed weak signals in LGA and strong expression in GBM [64, 96, 98, 100, [102] [103] [104] [105] 107, 109, 110, 117] . Gelatin zymography analyses revealed that MMP-9 activity increases from LGA to malignant tumors [69, 96, 100, 102, 105] . MMP-9 is strongly expressed in blood vessels at proliferating margins, as well as tumor cells, as revealed by in situ hybridization [102] . Immunostaining determined MMP-9 localization in the cytoplasm of tumor cells [98, 100, 108, [110] [111] [112] 117] . In addition, strong staining was seen in the vicinity of 50  2227  2183  52  51  2285  2366  2280  2442  2186  2222  2201  2510  2573  2651  2237  2763  2653  2262  2464  2414  2374  2369  2329  2467  2426  2423  2487  2480  2469  2478  2608  2779   GBM  + -NB LGA HBMEC (human brain microvascular endothelial cell) cDNA was used as a positive control. The various cDNA concentrations were normalized to that of the housekeeping gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase) which was used as an internal loading control. GAPDH transcripts were amplified in 20 cycles, whereas amplification of MMP transcripts was performed in 33 cycles. All technical procedures, PCR conditions and primer sequences have been published [77] .
necrosis and the tumor vasculature, suggestive of a role in the regulation of tumor neoangiogenesis [102, 103, 109, 110, 115] . MMP-9 expression is promoted by epidermal growth factor receptor (EGFR) signalling and the ligand-independent EGFR variant Ⅲ is frequently overexpressed by primary GBM in contrast to secondary GBM, which are more often characterized by P53 mutations [1] . Expression of active MMP-9 was found in 69% of primary GBM and only in 14% of secondary GBM [118] . In addition, 73% of EGFR-overexpressing GBM, but only 20% of EGFR-negative tumors expressed active MMP-9 [118] , suggesting a close relation between EGFR-signalling and MMP-9 expression, especially in primary GBM.
Whereas Northern-blotting and RT-PCR analysis identified only a very weak expression of MMP-11 [100] , other studies have revealed that MMP-11 mRNA expression increased concomitantly with the WHO grading of human gliomas, whereas NB samples remained negative ( Figure 2 ) [97, 115] . Immunohistochemistry demonstrates MMP-11 protein expression in the invasive zone of the GBM, predominantly around tumor cells and not in the extracellular matrix itself. MMP-11 staining was also located in the cytoplasm of tumor-associated macrophages and a small number of tumor cells. The highest concentrations of MMP-11, however, were found in the proximity of tumor blood vessels and around their endothelial lining [97] . These data suggest a functional relevance of MMP-11 in GBM development [97, 115] . There were no detectable levels of MMP-12 mRNA in both NB and tumor samples by Northern blot analysis [100] . However, MMP-12 mRNA was identified in surgical glioma samples using semiquantitative and quantitative RT-PCR analysis [68, 81, 119] . Western-blotting confirmed these results [81, 96] which is possibly explained by the higher sensitivity of RT-PCR and Western blot detection methods.
Overexpression of MMP-14 in human glioma samples was determined by several studies [9] . Results of Northern blot and real-time PCR expression analysis showed that the level of MMP-14 mRNA was significantly higher in malignant glioblastomas than in lowgrade gliomas, whereas it was not detectable in NB tissues [10, 49, 51, 56, 69, 71, 100, [104] [105] [106] . Consistent with these results, in situ hybridization analysis of MMP-14 mRNA identified its localization in neoplastic astrocytes in glioma specimens [49, 120] . Moreover, the latent and active forms of MMP-14 were detected in glioblastoma samples by Western-blot analysis, whereas no MMP-14 protein was found in NB [49] . In malignant glioma sections, the intense heterogeneous immunoreactivity for MMP-14 was seen at the cell membrane and in the cytoplasm of neoplastic astrocytes, the cytoplasm of glial cells around the tumor, endothelial cells and perivascular cells. In low grade gliomas and normal white brain matter it was almost undetectable [49, 56, 100, 105, 106, 113] . Therefore, the expression of MMP-14 seems to be closely related to the malignant phenotype in vivo.
Analysis of MMP-15 showed that its expression increases gradually with the tumor grade from low-grade glioma to GBM [9] . Strong expression of this gene was determined in malignant tumor samples at both mRNA and protein levels, whereas no expression could be identified in NB and only a weak expression was found in low-grade tumors [71] . In situ hybridization and immunohistochemical analysis of GBM tissues identified signals for MMP-15 in neoplastic astrocytoma cells and some endothelial cells of blood vessels [49] . Moreover, Western-blot analysis identified latent and active forms of MMP-15 in glioma samples, whereas no such species could be detected in NB tissue [49] . MMP-19 expression was not detected in both NB and malignant glioma specimens by Northern-blot analysis [100] . However, our semiquantitative RT-PCR analysis showed a clear increase in the expression of MMP-19 mRNA in high grade tumor tissues compared to low grade tumors, whereas its expression was not detected in NB tissue (Figure 2 ) [97] . Immunohistochemical staining revealed its expression throughout the tumor section [97] . Llano et al [50, 71] examined NB and tumor tissues by Northern-blot analysis and showed that the expression of MMP-24 is related to glioma tumor progression. The MMP-24 transcript is moderately expressed in astrocytoma specimens, strongly expressed in anaplastic astrocytomas and GBM, whereas the few examined samples of NB showed no expression of its mRNA at all. However, since the data on MMP-24 expression in GBM is scarce, we screened NB, LGA and GBM by semiquantitative RT-PCR ( Figure 2 ) and detected a weak expression of the gene in several of the samples, but were not able to confirm any correlation to the tumor grade (Figure 2) .
Northern-blot and quantitative RT-PCR analysis of MMP-25 in both, NB and tumor tissues, identified its strong expression in some anaplastic astrocytoma and also expression in GBM, whereas no significant levels were detected in NB tissues [51, 71, 81] .
MMPs without relevance in glioblastoma development
In gliomas a number of MMPs probably have little or even no functional relevance in degradation of the extracellular matrix, as no significant correlation between their expression and the tumor grade could be observed. MMP-3 was only weakly or in some cases not detectable at the mRNA and protein levels in both NB and surgical specimens of patients with malignant gliomas [64, 100, 103, 104, 119, 121] . Northern-blot and RT-PCR analysis identified very weak expression of the two MT-MMPs, MMP-16 and MMP-17, in different samples, without any correlation to the tumor grade [10, 49, 51, 71, 100] . However, one group reported increased expression of MMP-16 in brain tumors compared to normal tissue at the mRNA and protein level [104] . Expression of MMP-8, -10 and -13 could not be detected in both NB and malignant glioma specimens by Northern-blot analysis [100] . Our own analysis confirmed these data by semiquantitative RT-PCR (Figure 2 ). There was no significant difference in MMP-8 expression between NB and GBM [107] , and it has been shown in U251 GBM cells that MMP-8 is epigenetically silenced [76] . Since MMP-8 expression may have tumor-protective functions and has the ability to inhibit melanoma progression and to reduce the metastatic potential of breast and lung cancer cells in both mice and humans [122, 123] , putatively its repression may contribute to GBM development. MMP-21 expression has been reported to be elevated in mid-grade glioma specimens, but then to decline again in GBM [81] . We could not detect any expression of MMP-21 in the entire tumor panel we analysed ( Figure 2) .
As yet, the expression of MMP-20, -23, -26, -27 and -28 in glioma has not been covered in the literature. We therefore analysed mRNA levels of these MMPs by semiquantitative RT-PCR (Figure 2 ). This analysis showed ubiquitous expression of MMP-23 and MMP-28 in all tested samples and detected no expression of MMP-20, -26 and -27, thus suggesting that these MMPs are not involved in astrocytic tumor development (Figure 2 ).
MMP expression by primary cells derived from GBM specimens
The differences in MMP expression profiles of GBM cell-lines and patient tissue samples led to the question whether primary cells derived from human tumor biopsies will maintain or alter their MMP expression pattern. From four of the GBM analysed (Figure 2 ), primary cells were isolated, cultured and analysed at passage 1, passage 5 and passage 10 [77] . At passage 1, a completely altered MMP expression pattern was seen as compared to the orginal tumor tissue. Again this pattern was not stable, but changed with each further passage [77] . The pattern was similar to the one seen in established GBM cell-lines, although there were some differences. MMP-1, -11, -23 and MMP-24 expression was stronger in the primary cells. MMP-9 expression showed more alterations during passages in primary cells, but was more stably expressed in the cell-lines. MMP-13 and MMP-28 expression was nearly absent in primary cells, whereas it was clearly visible in the cell-lines [77] . In summary, MMP expression is highly variable under cell culture conditions and their expression patterns do not match those seen in the original GBM patient tumor tissue.
OUTLOOK
Expression of MMP-1, -2, -7, -9, -11, -12, -14, -15 and -25 shows correlation with the tumor grade, whereas MMP-3, -8, -10, -13, -16, -17, -20, -21, -23, -26, -27 and -28 do not seem to play a major role during glioblastoma development, since they are either constitutively expressed in NB, LGA and GBM, or they are not expressed at all. The available data for MMP-19 and -24 are contradictory, since some studies including our own suggest their involvement during development of astrocytic tumors, and the results of other groups contradict such a connection. However, the detection of MMP mRNA expression level only offers a first hint, suggesting MMPs might be of functional relevance in glioblastomas. MMP regulation is complex and involves several steps, including signal transduction, transcription factor regulation, inhibitors and interdependency with other MMPs. Studies showing protein concentration, tissue distribution and activity are necessary to gain a more complete picture. So far, comprehensive data are only available for very few MMPs. A correlation of MMPs during activation was shown for MMP-2 in conjunction with MMP-14, -15, -24 and -25 [48] [49] [50] [51] . A precise understanding of MMP expression and activation will help to identify more specific and effective targets for GBM therapy. The single-agent broad spectrum inhibition of MMPs has been of little clinical benefit [14, 15] . However, a simultaneous interference of MMP9 and cathepsin B, the upstream regulator of its activation, by siRNA resulted in decreased glioblastoma cell invasion, tumor growth and angiogenesis in an animal experiment [13] . The inhibition of MMP-2 and MMP-9 in conjunction with temozolomide chemotherapy also showed promising results in cell culture [124, 125] . However, COL-3 (6-demethyl-6-deoxy-4-dedimethylaminotetracycline), a compound which targets multiple aspects of MMP regulation such as MMP proenzyme synthesis and activation, did not provide any benefit to GBM patients in a phase Ⅰ study [126] . On the other hand, phase Ⅱ clinical trials using the broad-spectrum MMPinhibitor, marimastat, in conjunction with temozolomide has shown encouraging results [20, 21] . The major therapyrelated toxicity was joint and tendon pain in 47% of patients and 11% were eliminated from the study because of intolerable joint pain [20] . These multimodal treatment concepts point towards the right therapeutic direction and further tests with a combination of MMP inhibition and chemotherapy seem warranted. A further advancement on these strategies could be the direct local delivery of the inhibitor using novel drug delivery techniques, such as the use of drug-impregnated wafers, convection enhanced delivery, nanoparticles or even the delivery of genes encoding for inhibitory or toxic proteins by virus particles or immune-cells [127] [128] [129] [130] [131] [132] [133] . These methods could increase the effectiveness while reducing systemic toxicity. When deciding on appropriate future targets it has to be kept in mind, however, that the MMP expression pattern in established cell lines and primary cells is highly variable and will depend on the individual cell-line, passaging and cell culture conditions.
